Upon physiological stress, families of stress response genes are activated as natural defense mechanisms. Here, we show that induction of specific inflammatory genes is significantly dysregulated and altered in the heart of aged (24 -26-month-old) versus young (4-monthold) mice experimentally challenged with a bacterial endotoxin, lipopolysaccharide (LPS, 1.5 mg/kg of body mass). Whereas the LPS-mediated induction of cardiac mRNA for tumor necrosis factor ␣ or inducible nitricoxide synthase showed no age-associated differences, the induction of interleukin-1␤ (IL-1␤) and intracellular adhesion molecule-1 was modestly extended with aging, and the induction of IL-6 was significantly prolonged with aging. This age-associated phenomenon occurred gradually from 4 to 17 months of age and became more evident after 23 months of age. The age-associated augmentation of the cardiac IL-6 induction was also dramatic at the protein level. Immunohistochemically, the LPS-induced cardiac IL-6 was localized mainly in the microvascular walls. Aged but not young mice showed a high mortality rate during these experiments. These results demonstrate that endotoxin-mediated induction of specific inflammatory genes in cardiovascular tissues is altered with aging, which may be causally related to the increased susceptibility of aged animals to endotoxic stress.
Bacterial infection triggers cascades of inflammatory responses, which involve activation of various inflammatory mediators including cytokines, growth factors, and cell adhesion molecules. Although these inflammatory mediators act primarily for the host defense, they also cause pathophysiological conditions characteristic of sepsis. Upon infection with Gramnegative bacteria, released endotoxin (e.g. lipopolysaccharide, LPS) 1 stimulates monocytes/macrophages to produce such initial proinflammatory cytokines as tumor necrosis factor ␣ (TNF␣) and interleukin 1␤ (IL-1␤). These two in turn elicit a subsequent release of secondary inflammatory mediators, including inducible nitric-oxide synthase (iNOS), intracellular adhesion molecule-1 (ICAM-1), and IL-6 (1). TNF␣ is known to function synergistically with IL-1␤ to cause myocardial depression during acute septic shock (2) . Induction of iNOS and subsequent production of nitric oxide are known to be important mediators for systemic vasodilatation and hypotension during septic shock (3) . ICAM-1 promotes neutrophil-myocardial or neutrophil-vascular endothelial cell adhesion, which causes cardiovascular tissue injury due to the cytotoxic activity of neutrophils (4 -6) .
IL-6, a multifunctional cytokine produced by a variety of cells, is known to play important roles in immunological/inflammatory responses, hematopoiesis (7) , and synthesis of liver acute phase proteins (8) . High levels of IL-6 appear to have deleterious effects during systemic inflammation, because a reduced endotoxic mortality rate was observed in mice after treatment with anti-IL6 antibodies (9) . IL-6 is also known to exert a negative inotropic effect on myocardial tissues (10, 11) . We have recently demonstrated that intraperitoneal injection of young mice with LPS results in a rapid induction of mRNA for IL-1␤ and TNF␣, followed by a strong induction of IL-6 and ICAM-1 in the heart. The IL-6 induction in the heart was more intense than in any other tissue examined, including brain, lung, liver, kidney, spleen, and skeletal muscle (12) .
Aging is characterized by an altered immune function and stress response (13, 14) . Cardiovascular function during stress also declines with aging (15) . Thus, we hypothesized that induction of stress response genes in the heart may be altered with aging. In the present study, we show that LPS-induced expression of specific genes, including those for IL-1␤, ICAM-1, and IL-6 in particular, is significantly prolonged and augmented in the hearts of aged mice compared with young mice. We also show that the endotoxin-induced cardiac IL-6 is mainly localized to microvascular walls in the heart.
EXPERIMENTAL PROCEDURES
Animals-Male C57BL/6, BALB/c, and CB6F1 mice were obtained from colonies of the National Institute on Aging through Charles River Laboratories (Wilmington, MA). The newly arrived animals were kept at least 10 days in a 12/12 h light/dark cycle and fed a standard chow diet ad libitum before experiments. Mice were injected intraperitoneally with LPS (derived from Pseudomonas aeruginosa, Sigma) at a dose of 1.5 g/g of body mass. In some experiments, in which young and aged mice did not show a significant difference in their body masses, all mice were injected with the same amount of LPS (50 g, equivalent to ϳ1.5 g/g of body mass). After injection, animals, together with control non-injected mice, were sacrificed by cervical dislocation at the indicated time points, and tissues were quickly dissected. At the same time, other major organs including brain, lung, liver, kidney, spleen, and intestines were harvested and examined. Mice that exhibited any signs of abnormality, such as injury and tumor, were eliminated from the experiments. These procedures were approved by the University of Texas Medical Branch Institutional Animal Care and Use Committee.
RNA Isolation and Hybridization Analyses-Total RNA was isolated using guanidine/phenol, and Northern blot hybridization was per-formed as described previously (12) . Slot blot hybridization analysis for the IL-6 mRNA was performed using a Manifold II slot blot apparatus (Schleicher & Schuell) with the same hybridization condition as Northern blot analysis.
Protein Extraction and Enzyme-linked Immunosorbent Assay-Cytoplasmic proteins were extracted from mouse hearts as described previously (12) . The cytokine concentrations were determined by enzymelinked immunosorbent assays using a commercial kit specific for mouse IL-1␤, TNF␣, and IL-6 (Endogen, Inc., Woburn, MA). The detection limits of this kit were 3, 10, and 7 pg/ml, respectively.
Immunohistochemistry-Cryo-sections of mouse hearts were incubated overnight at 4°C with polyclonal rabbit anti-rat IL-6 antibody SC-1267 (Santa Cruz Biotechnology, Santa Cruz, CA). After serial washings with phosphate-buffered saline, the slides were incubated with biotinylated secondary antibody for 45 min at room temperature. The sections were developed with ABC reagent (ABC kit, Vector Laboratories, Burlingame, CA) for 45 min. After incubation in Fast Red (Sigma, F-4648) containing 1 mM levamisole, the slides were mounted for light microscopy (12) .
RESULTS

Age-associated Differential Induction of Specific Inflammatory Genes in Mouse Hearts during Endotoxic
Stress-To determine whether cardiovascular gene expression during the inflammatory response is altered by aging, we compared the endotoxin-mediated induction of mRNAs for several inflammatory genes in the hearts of young (4-month-old) versus aged (24-month-old) C57BL/6 mice. Mice were injected with 50g of LPS, and sacrificed at 1, 3, 6, 12, and 24 h thereafter together with control non-injected mice (four mice per time point). During these experiments, we confirmed the previously reported higher mortality rate in aged mice by endotoxic stress (16, 17) . Approximately 10% of aged mice died within 24 h after LPS injection, whereas no young mice died during the same time period.
We analyzed the RNA from the hearts by Northern blot hybridization and examined the induction of inflammatory genes, including IL-1␤, TNF␣, IL-6, ICAM-1, and iNOS. As shown in Fig. 1 , the IL-1␤ and TNF␣ mRNA levels peaked at 1 h, the ICAM-1 and IL-6 mRNA levels peaked at 3 h, and the iNOS mRNA levels peaked at 6 h post-injection in both young and aged mice. The kinetics confirmed that the two early inflammatory genes, IL-1␤ and TNF␣, are induced before the secondary inflammatory mediator genes, ICAM-1, IL-6, and iNOS, in the heart. Whereas the TNF␣ and iNOS mRNA levels did not show significant age-associated differences, the induced IL-6 mRNA levels after the peak time point were significantly higher in aged mice than in young mice. There was also an age-associated elevation in IL-1␤ and ICAM-1 mRNA levels at certain time points, although not to the same extent as in IL-6. These results demonstrate that aging alters the induction patterns of specific inflammatory genes in the heart during endotoxic stress.
Prolonged Induction of the IL-6 mRNA in Aged Mouse Hearts during Endotoxic Stress-The high levels of IL-6 mRNA observed in the aged mice may be caused by a prolonged induction of the gene in all aged mice or possibly by the inclusion of one aged mouse or a few aged mice that were induced to produce exceptionally high levels of IL-6 mRNA. To distinguish these possibilities, we measured the IL-6 mRNA level in each individual young or aged mouse throughout the time course. As shown in Fig. 1 , B and C, induction of IL-6 mRNA in young hearts consistently occurred at 3 h after LPS injection, and the mRNA levels came back to near the undetectable basal level by 6 h. The standard deviations for the young mice were small at all time points, suggesting that induction of the IL-6 gene in the heart is tightly regulated in young animals. On the other hand, the IL-6 mRNA induction varied substantially among individual aged mice, suggesting that induction of the IL-6 gene is dysregulated in aged hearts. At 3 h after LPS injection, the IL-6 mRNA was induced very strongly in one aged mouse FIG. 1. RNA blot analyses demonstrating that specific genes are differentially induced in young versus aged mouse hearts after LPS injection. Young (4-month-old) and aged (24-month-old) C57BL/6 mice were injected with 50 g of LPS and sacrificed at the indicated time points. Total RNA was isolated from the hearts and subjected to Northern or slot blot hybridization analyses using a mouse cDNA for each gene as a probe. Ribosomal 18 S RNA was also measured for normalization. A, Northern blot analyses on total heart RNA. Each lane contained 20 g of RNA derived equally from four individual mice. B, slot blot hybridization analysis to measure the IL-6 mRNA level in each RNA sample used for A. Each slot contained 5 g of the RNA from an individual mouse. C, densitometric analysis of the IL-6 expression detected in B. The average value of the mRNA levels of young mice at peak induction (3 h) was set at 1. Error bars represent the S.D. In young mice, the S.D. values were so small that some error bars are not visible. ** indicates p Ͻ 0.01 with Student's t test of the 4-and 24-month-old mice for each time point. D, densitometric analyses of the expression of the other four genes detected in A. The peak mRNA level in young mice was set at 1 for each graph.
and was not induced at all in two others, suggesting that the IL-6 induction in response to LPS can be augmented or delayed in some aged mice. From 6 to 12 h after LPS injection, all the aged mice showed high levels of induced IL-6 mRNA, equivalent to the average peak level in young mice. Even at 24 h post-injection, high levels of the IL-6 mRNA were still detected in some of the aged mice. Because persistently high levels of IL-6 mRNA were commonly seen in aged mice, we concluded that induction of the cardiac IL-6 mRNA in response to endotoxic shock is prolonged in aged animals.
The Augmented Induction of Cardiac IL-6 mRNA in Aged Mice of Different Strains-To determine whether the age-associated differential induction of IL-6 mRNA is specific to the C57BL/6 mouse or is common among other strains, we conducted similar experiments using three different mouse strains, C57BL/6, BALB/c, and their hybrid CB6. For this experiment, we compared the induced IL-6 mRNA levels in the hearts of young (4 -7-month-old) versus aged (24 -28-monthold) mice 6 h after LPS injection (n ϭ 4). We chose this time point because it was a time where IL-6 mRNA levels differ significantly in young and aged C57BL/6 mice. As demonstrated in Fig. 2 , the LPS-induced IL-6 mRNA levels were significantly higher than those in young hearts, not only in C57BL/6 mice but also in BALB/c and CB6 mice. These results suggest that the age-associated extended induction of the IL-6 gene in response to LPS is not mouse strain-specific.
The Augmented Induction of Cardiac IL-6 mRNA during the Aging Process-We sought to determine at what age the endotoxin-mediated induction of the cardiac IL-6 changes, i.e. whether this is a gradual change or one that occurs at a specific age. We compared the cardiac IL-6 mRNA levels at 6 h post-LPS injection among four different age groups: 4-, 10-, 16 -17-, and 23-27-month old (n ϭ 6 -8 per group). As shown in Fig. 3 , the age-associated overexpression of the IL-6 gene occurred in some mice by the age of 10 months, became significant at age 16 -17 months, and was even more dramatic at 23 months and later. Statistically significant differences were found between the 4-and 23-27-month-old groups (p Ͻ 0.001) and also between the 4-and 16 -17-month-old groups (p Ͻ 0.01) but not between the 4-and 10-month-old groups (p Ͼ 0.3). Thus, we conclude that the age-associated elevation of IL-6 gene induction is not evident until at least 10 months of age, but it occurs by 16 months of age and becomes greater with increasing age.
Augmented Induction of Cardiac IL-6 Protein by Aging-In these experiments we used enzyme-linked immunosorbent assay to compare the cytokine protein levels in the hearts of young versus aged mice that were injected with 50 g of LPS and sacrificed at 1, 3, 6, 12, and 24 h thereafter, together with control non-injected mice (three to six mice per time point). The IL-6 levels at 0 and 1 h were ϳ20 pg/mg of protein or less in both young and aged mice. In young mice, a rapid increase and subsequent decline in the cardiac IL-6 protein levels were seen at 3 and 6 h, respectively, demonstrating that the induction of IL-6 protein synthesis follows the pattern of induced mRNA levels (see Figs. 1A and 4) . The average IL-6 protein levels in the aged hearts were 7.5-35-fold higher than those in the young hearts from 3 to 24 h after LPS injection. All the aged mice showed higher cardiac IL-6 levels than the young mice from 3 to 12 h after LPS injection. Even 24 h after LPS injection, one of the aged mice still showed a higher IL-6 level than the average peak IL-6 level (at 3 h) in young mice. Using the same protein samples, we also measured IL-1␤ and TNF␣ levels in young versus aged mice hearts. IL-1␤ induction was modestly elevated in aged mice compared with young mice (2.2-fold elevation at the peak level; Fig. 4B ), but TNF␣ induction did not show any difference in young versus aged mice (data not shown).
The data for these two proteins also agree with the mRNA data ( Fig. 1 ) that IL-1␤ showed moderate age-associated elevation whereas TNF␣ induction was not affected by aging. These results demonstrate that, during endotoxic stress, the ageassociated overexpression of specific inflammatory cytokines occurs not only at the mRNA level but also at the protein level.
Localization of Cardiac IL-6 to Microvascular Walls-We performed immunohistochemical analyses to localize IL-6 in the young and aged mouse hearts during endotoxic stress. Young (4-month-old) and aged (26-month-old) C57BL/6 mice were injected with LPS (1.5 g/g of body mass) and sacrificed 6 h later, and frozen heart sections were prepared. Immunohistochemical analyses using anti-IL-6 antibody detected IL-6 mostly in nonmyocardial cells, particularly in the microvascular walls of hearts from both young and aged mice, suggesting that IL-6 is expressed mostly in vascular endothelial cells (Fig.  5, A and B) . IL-6 was also detected in relatively large vessels in both young and aged mice (Fig. 5C ) and in a small number of myocardial cells only in aged mice (Fig. 5B) .
FIG. 2.
Northern blot analyses demonstrating age-augmented induction of cardiac IL-6 mRNA after LPS injection in a mouse strain-independent fashion. Young (4 -7-month-old) and aged (24 -28-month-old) mice were injected with 50 g (or 1.5 g/g of body mass; intraperitoneal) of LPS and sacrificed 6 h later. Total RNA was isolated from the hearts and subjected to Northern analysis using a mouse IL-6 cDNA as a probe. A probe for 18 S rRNA was also used as a control. Each lane contains pooled RNA isolated from four individual mouse hearts, with strain and age indicated in the figure.   FIG. 3 . Northern blot analyses demonstrating that cardiac IL-6 mRNA induction is gradually augmented during aging. CB6 mice at various ages (4 months, n ϭ 8; 10 months, n ϭ 8; 16 -17 months, n ϭ 7; and 23-27 months, n ϭ 6) were injected with LPS (1.5 g/g of body mass; intraperitoneal) and sacrificed 6 h later. Total RNA was isolated from the hearts and subjected to Northern analysis using a mouse IL-6 cDNA as a probe. A probe for 18 S rRNA was also measured as a control for normalization. A, autoradiogram. B, densitometric analyses. Each triangle represents the IL-6 mRNA level of an individual mouse. The average mRNA level of the 4-month-old group was set at 1; the average mRNA level in each age group is indicated by a horizontal line. Student's t test was performed between the 4-month-old group and other age groups. ** and *** indicate p Ͻ 0.01 and 0.001, respectively.
DISCUSSION
In the present study, we clearly demonstrated a significantly elevated and prolonged induction of IL-6 in aged mouse hearts during endotoxic stress. Induction of the IL-1␤ and ICAM-1 genes was also elevated or extended in the aged mice, although the extent was not as dramatic as for IL-6. IL-1␤ is an important inducer of both IL-6 and ICAM-1 (4, 12) ; so the elevated IL-1␤ expression may be responsible for the prolonged induction of the ICAM-1 gene in aged mice. However, the moderate elevation of IL-1␤ expression alone cannot explain the dramatic overexpression of IL-6 in the aged mice. Because the LPS-mediated induction of a subset of inflammatory genes was altered in aged mice, we propose that the augmented induction of these genes probably is not caused by a decreased rate of clearance of endotoxin from aged animals.
The augmented induction of the IL-6 gene may be due to an increased transcriptional rate for the gene and/or a decreased rate of its mRNA degradation in aged tissues. The regulatory region of the IL-6 gene contains putative binding sites for such stress-activated transcription factors as nuclear factor B and nuclear factor/IL-6 (NF/IL6) (17) whose DNA binding activities increase with aging in mouse heart and liver, respectively (18, 19) . Such an age-related increase in the activation of transcription factors may enhance the transcriptional rate of the IL-6 gene and increase pool levels for its mRNA. On the other hand, there have been studies suggesting that the expression of several inflammatory genes is regulated by mRNA stability and that the stabilization is altered by aging and inflammatory signals (20, 21) . It is yet to be determined whether stability of the IL-6 mRNA in the cardiovascular tissues increases with age.
Our results demonstrated that the age-associated overexpression of IL-6 in the heart occurs more dramatically at the protein level than at the mRNA level. The age-associated increases in average peak levels (3 h after LPS injection) were ϳ1.5-and 10-fold at the mRNA and protein levels, respectively (Figs. 1C and 4) . The difference in the magnitude of increase between the mRNA and protein levels raises the possibility that either the translational rate or protein stability of IL-6 is increased in the aged mouse heart. Whereas the IL-6 mRNA is solely derived from cardiac expression, the IL-6 protein may be produced in other tissues and reach the heart via the circulation. Indeed, the activity of plasma IL-6 after injection with LPS was reportedly higher in aged rats than in young rats (22) . Thus, although we have recently shown that the heart induces the highest level of IL-6 mRNA among all major tissues in young mice during endotoxic stress (12) , extra-cardiac tissues may also show profound age-associated overexpression of IL-6 as well.
Our previous study using in situ hybridization and in vitro cell cultures demonstrated that cardiac IL-6 is expressed mainly by nonmyocardial cells via IL-1␤ action during endotoxic stress. In that study, we could not identify which nonmyocardial cells (i.e. fibroblasts, macrophages, vascular endothelial cells, or smooth muscle cells) express IL-6 (12) . In the present study, we found that cardiac IL-6 was mostly localized to microvascular walls, suggesting that microvascular endothelial cells are the major cell source of IL-6 produced during endotoxic stress. It has been demonstrated that cultured human endothelial cells express IL-6 strongly in response to IL-1␤ (23) . Because IL-6 was also identified in relatively large vascular tissues, vascular smooth muscle cells may also express IL-6. According to previous in vitro studies, macrophage cultures from the elderly produced less IL-6 than those from young subjects in response to LPS treatment (24) , whereas whole aorta cultures from aged rats produced more IL-6 than those from young rats after LPS treatment (25) . Therefore, vascular endothelial and smooth muscle cells are probably the major cells that overproduce IL-6 in the aged heart during endotoxic stress. Interestingly, IL-6 expression was detected in a small population of myocardial cells from LPS-treated aged, but not young, mice. This myocardial cell-derived IL-6 in aged mouse hearts may be attributed at least partly to the age-associated overproduction of cardiac IL-6. Because myocardial cells reportedly express IL-6 in vitro under hypoxic conditions (26) , the IL-6 detected in myocardium of aged mice may be an indication of tissue ischemia during endotoxic shock.
The role of IL-6 during systemic inflammation is complex. An early study demonstrated a reduced LPS-induced mortality rate in mice treated with anti-IL-6 antibodies, clearly suggesting that a high level of IL-6 is harmful during endotoxic shock (9) . However, a more recent study showed a somewhat elevated LPS-induced mortality rate in IL-6 (Ϫ/Ϫ) knockout mice, suggesting that IL-6 may also have a beneficial role during endotoxic shock (27) . Indeed, as we have recently shown, IL-6 may have a self-regulatory function to suppress its own inducers (TNF␣ and IL-1␤) in the heart during endotoxic stress (12) . IL-6 is a multifunctional cytokine and is often considered "a double-edged sword." Upon physiological stress such as infection, an appropriate (and probably beneficial) amount of IL-6 is rapidly produced and presumably functions to protect tissues. As seen in Fig. 1 , such induction is tightly regulated and does not last long in healthy young animals. On the other hand, uncontrolled overexpression of IL-6 is obviously harmful, because various transgenic mouse models overexpressing IL-6 develop various pathologies, including plasmacytosis (28), adrenal hyperplasia (29) , cardiac hypertrophy (30), muscle atrophy (31), and growth retardation (32) ; this variety possibly results from the different tissues and levels of overexpression and the tissue distribution pattern of the IL-6 receptor. ICAM-1 promotes neutrophil-myocyte adhesion (5), and IL-6 stimulates neutrophils to produce hydrogen peroxide (33) . Thus, overproduction of ICAM-1 and IL-6 in aged tissues during inflammation may cause elevated activation of neutrophils and resulting oxidative stress, which may lead to cardiovascular cell injury. In our study, mice were treated with a single LPS injection. However, in clinical septic conditions during infection, LPS is released continuously; so the duration of overexpression of these genes and resulting effects in aged animals may be far greater than that observed in our experimental model.
The elderly show a significantly elevated mortality rate during septic shock after bacterial infection. Although the precise mechanisms for this increase in susceptibility to sepsis are largely unknown, mortality in elderly septic patients often depends on the physiological reserve and stress tolerance of the cardiovascular and pulmonary systems (34, 35) . During sepsis, cascades of inflammatory response mediate various cardiovascular dysfunctions, including vascular endothelial cell damage, vascular permeabilization, vasodilatation, hypotension, and myocardial depression (36) . Persistently high levels of serum IL-6 reportedly predict high mortality in septic patients (1, (37) (38) (39) . Therefore, augmented induction of IL-1␤, IL-6, and ICAM-1 in aged mouse hearts may be causally associated with the high mortality rate of aged mice during endotoxic stress. Endotoxin-mediated induction of TNF␣ and nitric oxide in plasma was reportedly increased modestly by aging (2-fold and 26%, respectively), and pretreatment with anti-TNF␣ antibody reduced LPS mortality rate in both young and aged mice, suggesting that TNF␣ has an important role in LPS mortality (40) . However, because LPS-mediated induction of TNF␣ and iNOS in the heart was not affected by aging, they may not be the primary factors contributing to the age-associated cardiovascular dysfunction and high mortality during systemic inflammation.
IL-6 forms a complex with its specific receptor and a membrane glycoprotein (gp130) to exert its activity through two known signal pathways; one activates the transcription factor STAT3 via the Janus tyrosine kinases, and the other activates NF/IL6 (or CAAT/enhancer-binding protein) transcription factors via Ras and mitogen-activated protein kinase. Several stress response genes are induced by IL-6 via these gp130 pathways (41, 42) . Therefore, overexpression of IL-6 in aged cardiovascular tissues may result in overexpression of various stress response genes. Identification of such stress response genes should provide important information on altered biochemical mechanisms in aged animals in response to endotoxic stress.
In conclusion, IL-6 is strongly induced in the heart, mostly in the microvascular walls, during endotoxic stress, and this induction is significantly augmented and prolonged with aging. The cardiac gene expression of IL-1␤ and ICAM-1 is also elevated or extended with aging during endotoxic stress. We propose such increased intensity and/or duration of the expression of inflammatory genes as important characteristics of aging that may be causally associated with the elevated susceptibility in aged subjects to inflammatory stress.
